Molecular chaperones are an essential part of the machinery that avoids protein aggregation and misfolding in vivo. However, understanding the molecular basis of how chaperones prevent such undesirable interactions requires the conformational changes within substrate proteins to be probed during chaperone action. Here we use single-molecule fluorescence spectroscopy to investigate how the DnaJ-DnaK chaperone system alters the conformational distribution of the denatured substrate protein rhodanese. We find that in a first step the ATP-independent binding of DnaJ to denatured rhodanese results in a compact denatured ensemble of the substrate protein. The following ATP-dependent binding of multiple DnaK molecules, however, leads to a surprisingly large expansion of denatured rhodanese. Molecular simulations indicate that hard-core repulsion between the multiple DnaK molecules provides the underlying mechanism for disrupting even strong interactions within the substrate protein and preparing it for processing by downstream chaperone systems.
Molecular chaperones are an essential part of the machinery that avoids protein aggregation and misfolding in vivo. However, understanding the molecular basis of how chaperones prevent such undesirable interactions requires the conformational changes within substrate proteins to be probed during chaperone action. Here we use single-molecule fluorescence spectroscopy to investigate how the DnaJ-DnaK chaperone system alters the conformational distribution of the denatured substrate protein rhodanese. We find that in a first step the ATP-independent binding of DnaJ to denatured rhodanese results in a compact denatured ensemble of the substrate protein. The following ATP-dependent binding of multiple DnaK molecules, however, leads to a surprisingly large expansion of denatured rhodanese. Molecular simulations indicate that hard-core repulsion between the multiple DnaK molecules provides the underlying mechanism for disrupting even strong interactions within the substrate protein and preparing it for processing by downstream chaperone systems.
Hsp70 | Hsp40 | Förster resonance energy transfer | protein folding | FRET M aintaining protein homeostasis in vivo requires a tight regulation of protein folding to prevent misfolding and aggregation. Molecular chaperones have evolved as an essential part of the cellular machinery that facilitates such processes in the complex and crowded environment of a living cell (1, 2) . To assist protein folding, many chaperones proceed through complex conformational cycles in an ATP-dependent manner (3) (4) (5) . For several chaperone systems, these cycles have been investigated in great detail by experiment and simulation (6) (7) (8) . A remarkable example are the heat shock protein (Hsp) 70 chaperones, which are essential in prokaryotes and eukaryotes and are involved in co-translational folding, refolding of misfolded and aggregated proteins, protein translocation, and protein degradation (9) . The Hsp70 chaperone DnaK from Escherichia coli together with its co-chaperone DnaJ and the nucleotide exchange factor GrpE form an ATP-driven catalytic reaction cycle (7) (Fig. 1A) . Many denatured or misfolded substrate proteins are first captured by DnaJ and subsequently transferred to the DnaK-ATP complex, with DnaK in an open conformation. Substrate and DnaJ synergistically trigger DnaK's ATPase activity, which leads to locking of the substrate in the DnaK-ADP complex, with DnaK in the closed conformation. Driven by the following GrpE-catalyzed ADP-ATP exchange, the DnaK-substrate complex dissociates (10) . Since this ATP-driven cycle can even solubilize protein aggregates (11, 12) , substantial forces must be transduced to the substrate protein (13) (14) (15) . However, as for other chaperone systems (16) , surprisingly little is known about how these forces and the resulting constraints of the underlying free energy surfaces affect the conformations of the denatured or misfolded substrate proteins. To better understand this important link between chaperone action and function, we probed the conformation of a substrate protein along the different stages of the chaperone cycle of DnaK with single-molecule Förster resonance energy transfer (smFRET), correlation spectroscopy, and microfluidic mixing.
Results and Discussion
Single-Molecule Spectroscopy of Substrate-Chaperone Complexes. A key strength of smFRET is to resolve subpopulations of molecules by their intramolecular distances, which is especially advantageous for investigating the conformational heterogeneity of denatured proteins and chaperone-substrate complexes (17, 18) . The combination with microfluidic mixing devices enables the time-resolved observation of transient aggregation-prone species, such as denatured chaperone substrates at near-physiological conditions (19, 20) . To obtain detailed information about the substrate conformation for each step in the Hsp70 chaperone cycle, we mapped several segments within the classic chaperone substrate protein rhodanese. Several protein variants were designed to report on different aspects of the structure of rhodanese (Fig.  1B) : the conformation of the N-terminal domain (Δ58: E77C/ K135C), the C-terminal domain (Δ49: K236C/E285C), the linker connecting both domains (Δ39: K135C/K174C), and the relative arrangement of the two domains, with the fluorophores attached close to the domain interface (Δ117: D102C/D219C) or on opposite sides of the domains (Δ159: E77C/K236C). Alexa Fluor 488 as a FRET donor and Alexa Fluor 594 as an acceptor were attached to each variant to obtain information on the distance between the corresponding amino acid residues. Fig. 1C shows transfer efficiency histograms for the five variants of rhodanese, determined from fluorescence bursts of individual molecules freely diffusing through the observation volume of the confocal instrument. The folded proteins (Fig. 1C , gray histograms) exhibit characteristic transfer efficiency distributions with averages close to the values expected from the crystal structure of rhodanese.
Significance
Molecular chaperones are a group of proteins that are essential for avoiding the aggregation of other proteins in the crowded cellular environment. Chaperones function by interacting with these substrate proteins in different ways. However, it has remained a challenge to measure the changes that occur in the substrate proteins and understand how these changes prevent misfolding or aggregation. Here we investigate a chaperone system that keeps the substrate protein denatured by clamping the polypeptide chain. We observe an expansion of the substrate protein chain up to 30-fold in volume owing to steric repulsion between multiple copies of the chaperone bound to a single substrate protein. In this way, unwanted interactions within or between substrate proteins can be prevented.
Here, however, our focus is on the conformation of denatured rhodanese (Fig. 1C, colored histograms) . As a reference state in the absence of chaperones and denaturant, we thus transiently populate denatured rhodanese in a microfluidic mixing device by rapid dilution of guanidinium chloride (GdmCl) (19, (21) (22) (23) . In contrast to native rhodanese, all denatured rhodanese variants exhibit a similar and high transfer efficiency of ∼0.8, which suggests the presence of a compact denatured state ensemble under these conditions (24) . Denatured rhodanese is highly prone to aggregation during refolding (25) , but at the extremely low protein concentrations used here (50 pM) aggregation does not occur, and all variants fold to the native state spontaneously on a timescale of minutes, even in the absence of chaperones (19) (Fig. S1C) .
When GdmCl-denatured rhodanese is diluted into buffer in the presence of DnaJ in the physiological concentration range (0.5 μM) (26), the resulting transfer efficiency histograms (Fig.  1D ) are remarkably different from those of folded and denatured rhodanese (Fig. 1C) . Very broad transfer efficiency distributions are obtained for all variants of rhodanese in complex with DnaJ ( Fig. 1D) , suggestive of a heterogeneous distribution of conformations. Only a fraction of rhodanese molecules (∼10%) fold to their native structure (Fig. 1D, Fig. S1 , and Table S1 ), as indicated by the subpopulations at the same transfer efficiency as the folded state. Given the rate constant of ∼3 × 10 −3 s −1 for the spontaneous refolding of rhodanese in the absence of chaperones ( Fig. S1 and Table S1 ) under these conditions (19, 27) , the association rate constant of DnaJ to denatured rhodanese can be estimated to be ∼4 × 10 4 M −1 s −1 ( Fig. S1 and Table S1 ). In addition to the broad transfer efficiency distributions, DnaJ binding of denatured rhodanese results in a loss in brightness of the attached fluorophores (Table S2) , indicative of quenching by solvent-exposed aromatic amino acid residues in a relatively compact denatured state of rhodanese (28) . Time-resolved singlemolecule anisotropy experiments reveal only a moderately increased fluorescence anisotropy of the attached fluorophores in the DnaJ-rhodanese complex (Table S2) ; a dominant influence of orientational heterogeneity on the transfer efficiency histograms (20) is thus unlikely. The quenching of the attached fluorophores together with the broad transfer efficiency distributions thus suggest that DnaJ blocks rhodanese refolding by holding it in a heterogeneous ensemble of nonnative conformations that are substantially different from those of denatured rhodanese in the absence of chaperones ( Fig. 1 C, gray histograms, and D) .
To obtain independent information on the size of the rhodanese-DnaJ complexes, we used two-focus fluorescence correlation spectroscopy (2f-FCS), where the cross-correlation between the fluorescence intensities from two partially overlapping foci is used to determine the translational diffusion time and the corresponding Stokes radius, R S , of the complex (29) . For both folded and denatured rhodanese in the absence of chaperones, we observe R S = 2.6 ± 0.1 nm, which confirms the compactness of denatured rhodanese indicated by the transfer efficiencies (Fig. 1C) . Binding of rhodanese to DnaJ at 0.5 μM results in an increase in R S to 3.1 ± 0.2 nm. Even if we assume a very compact configuration of this complex and the contribution of a small fraction of refolded rhodanese (Fig. S1E ), this value of R S is incompatible with more than one DnaJ dimer (30) bound per rhodanese molecule (Table S3) . Nevertheless, the rhodaneseDnaJ-bound state is very stable and persists for more than 24 h under our experimental conditions (Fig. S2) . In summary, our results suggest that DnaJ arrests rhodanese in a compact, but denatured and folding-incompetent, state. The next step in the chaperone cycle is the interaction of this complex with DnaK.
Expansion of Rhodanese by DnaK. The addition of 10 μM DnaK and 1 mM ATP to preformed rhodanese-DnaJ complexes leads to surprisingly large changes in the transfer efficiency histograms (Fig. 1E) . A pronounced shift of the distributions to lower transfer efficiencies is observed, indicating that DnaK binding leads to the formation of highly expanded conformations of rhodanese. At the same time, the brightness of the molecules increases (Table S2) , as expected from the increased distances between the FRET dyes and aromatic amino acids in a more expanded chain (28) . The resulting conformational ensembles of rhodanese, which are even more expanded than rhodanese unfolded in 6 M GdmCl (Fig. S1G) (18, 31) , are observed independent of whether DnaK and ATP are added to preformed DnaJ complexes or whether DnaJ, DnaK, and ATP are added at the same time (Fig. S3A) . Since the collapse of unfolded proteins upon transfer into nondenaturing conditions occurs on timescales in the range of ∼100 ns to ∼100 μs (32-36), much faster than the association rate of DnaJ and DnaK to rhodanese (∼1 min −1 , discussed below), the chaperones bind rhodanese in its compact denatured state (Fig. 1C) .
The formation of rhodanese-DnaK complexes is strictly dependent on the presence of DnaJ and ATP. Neither the nonhydrolyzable ATP analog ATPγS nor ADP can trigger the expansion of rhodanese (Fig. S3C) , suggesting that the ATPbound conformation of DnaK is crucial for binding of protein substrates such as rhodanese. In the absence of nucleotide, no DnaK-driven expansion of rhodanese was observed even after several hours (Fig. S3B) . With an excess of ATP (1 mM in Fig.  1E ), however, the DnaK-bound complex remains stable for hours. The expansion of denatured rhodanese also depends on the relative concentrations of DnaJ and DnaK (Fig. S3 D-F) . The greatest substrate expansion by DnaK is reached in the presence of ∼0.5 μM DnaJ and 10 μM DnaK (Fig. S3E) , which is in the physiological concentration range (26) and was thus used as the DnaJ and DnaK concentrations in the present study. This result suggests that the substoichiometric amounts of DnaJ compared with DnaK observed in vivo are optimized in order that DnaJ keeps substrate proteins denatured but does not saturate the polypeptide, which would interfere with DnaK binding, because both chaperones recognize similar amino acid patterns in their substrates (37). Correspondingly, high concentrations of DnaJ (10 μM) inhibit the DnaK-mediated expansion of rhodanese (Fig. S3 D-F) by occupying binding sites on rhodanese, as indicated by the larger complex size of DnaJ-rhodanese at 10 μM DnaJ (R S determined with 2f-FCS: 5.4 ± 0.2 nm) compared with the complex at 0.5 μM DnaJ. Although the substrate-like binding of DnaJ to DnaK (38, 39) may contribute to a reduction of the DnaK concentration available for rhodanese binding, the affinity between the chaperones is not high enough (38) to explain the absence of the expansion of rhodanese at high DnaJ concentrations. Notably, denatured rhodanese cannot be expanded by DnaK and ATP in the absence of DnaJ (Fig. S3C ), in agreement with the previously suggested sequential action of DnaJ and DnaK (13) . The reason underlying the lack of DnaK-substrate binding in the absence of DnaJ was identified in previous studies that showed that a functionally impaired J domain of DnaJ is not able to couple DnaKsubstrate binding and ATP hydrolysis for efficient DnaK-substrate complex formation (38, 39).
In contrast to the compact denatured state of rhodanese alone (Fig. 1C, colored histograms) , the mean transfer efficiency of the five rhodanese variants bound to DnaK shows a clear decrease in efficiency with increasing sequence separation between the dyes (Fig. 2C, circles) . In terms of intramolecular distances, this observation translates into a pronounced increase of the interdye distance with increasing sequence separation. This behavior is expected for rather uniformly expanded denatured proteins (40, 41) and indicates that persistent tertiary structure is absent in DnaK-bound denatured rhodanese. In comparison with denatured rhodanese in the absence of chaperones (Fig. 1C , colored histograms), the transfer efficiency distributions obtained in complex with DnaK and ATP are significantly broadened. Time-resolved fluorescence anisotropy measurements do not reveal a pronounced lack of rotational averaging of the attached fluorophores (Table  S2) ; the broad transfer efficiency distributions are thus most likely to originate from a heterogeneous ensemble of very expanded rhodanese conformations in complex with DnaK that interconvert slowly compared with the millisecond observation time (42).
Simulations Provide the Molecular Picture. To obtain a more detailed picture of the underlying structural ensembles, we performed (Fig. 1E) as a function of the sequence separation of the labeling positions. Mean transfer efficiencies from experimental data were converted to mean interdye distances assuming Gaussian distributions with the shapes of the simulated distributions for N DnaK = 6 and adjustable mean. Error bars indicate the variation of the average interdye distance upon variation of the width of the Gaussian distribution for different N DnaK . molecular simulations of the DnaK-rhodanese complexes. Owing to the complexity of the system, we used a coarse-grained model (43) where denatured rhodanese is represented as a disordered Cα chain with weak intramolecular interactions. A structure-based model of DnaK is then bound to rhodanese in one to seven copies at positions corresponding to DnaK binding sites identified using the predictor of van Durme et al. (44) (Fig. S4) . With increasing numbers of DnaK molecules bound to denatured rhodanese, the simulations clearly show an increasing expansion of the complex (Fig. 2) . If we compare the mean transfer efficiencies from the smFRET experiments ( Fig. 1E ) with the corresponding values calculated from the different simulated ensembles (Fig. 2C) , the best overall agreement is observed in a range of four to seven DnaK molecules bound to rhodanese. The lowest individual mean-square deviation is obtained for six DnaK molecules, but a distribution of stoichiometries in this range is likely to contribute to the width of the smFRET efficiency distributions. By combining the experimental transfer efficiencies with the shape of the distance distributions obtained from the simulations (Fig. 2B) , we estimate the average radius of gyration of the rhodanese-DnaK complexes to be ∼7.2 ± 0.3 nm (Table S4) .
We can again test the molecular dimensions independently with 2f-FCS, which allows the size of the complex to be quantified in terms of the R S from its translational diffusivity. We obtain R S = 9.2 ± 0.2 nm for the rhodanese-DnaK complex, about a factor of three greater than the value for rhodanese bound to DnaJ, corroborating the strong DnaK-mediated expansion of the denatured protein. This value of R S agrees well with the Stokes radii calculated from the simulations for five to six DnaK molecules bound to rhodanese (Table S4 ), in agreement with the analysis of the FRET measurements. Both the experiments and the simulations thus support the picture of a substrate protein whose chain is almost saturated with DnaK. The volume exclusion between the bulky DnaK molecules underlies the pronounced substrate protein expansion we observe and results in an increase of the chain volume by a factor of ∼30-40. DnaK thus strongly shifts the conformation of the substrate protein toward a fully unfolded state where intramolecular interactions are expected to be minimized.
Dynamics of Complex Formation from Microfluidic
Mixing. In contrast to DnaJ, the action of DnaK on the substrate protein requires continuous binding and release driven by ATP hydrolysis (45). To quantify the dynamics underlying this nonequilibrium process, we use a combination of manual and microfluidic mixing experiments, which allows us to monitor the process from milliseconds to hours. For measurements in the microfluidic device (19, 21, 23) , preformed rhodanese-DnaJ complexes and ATP entering from the two side channels are rapidly mixed with DnaK in the main channel (Fig. 3A) . Rapid mixing is achieved by lateral diffusion of the components in the narrow mixing neck, and transfer efficiency histograms at different times after mixing are obtained by placing the confocal volume at different positions in the following observation channel. As expected, the expanded rhodanese-DnaK population at low transfer efficiencies increases after mixing ( If the expansion of denatured rhodanese depends on the continuous hydrolysis of ATP by DnaK, we expect the system to relax back to its thermodynamic equilibrium when the ATP is consumed ( Fig. 4D and Fig. S5A ). Indeed, under conditions of limiting ATP concentrations (Fig. 4 B-D) , the extended conformation of rhodanese disappears with a rate constant of (2.5 ± 0.4) 10 −3 s −1 (Table S1 ). This rate is in a similar range as previously determined off-rates for substrates from ADP-bound DnaK (38, 47, 48). After reaching equilibrium, the transfer efficiency histograms are indistinguishable from those of the DnaJ-rhodanese complex, suggesting complete dissociation of DnaK (compare Fig. 4B , final histogram, and Fig. 1D ). Interestingly, within experimental error, the dissociation rate constants are identical for all rhodanese variants ( Fig. 4C and Table S1 ). This observation suggests that the dissociation rates of DnaK are rather independent of the position on the rhodanese chain and lack binding cooperativity, also confirmed by the independence of the dissociation rate of the DnaK concentration ( Fig. S6 ), which justifies using only excluded volume interactions between DnaK molecules in the simulations. When the dissociation of DnaK is observed with 2f-FCS, a decrease of the R S with a rate constant of (1.7 ± 0.4) 10 4A , white circles), in agreement with the decay of the expanded conformation observed in the smFRET experiments ( Fig. 4 B and C). After completion of the dissociation reaction, the R S of the rhodanese-DnaJ complex is recovered, supporting our conclusion that DnaK dissociates completely once all ATP is consumed (Fig.  4A ). Our observation that rhodanese does not remain stably bound to DnaK at limiting ATP concentrations contrasts with studies on other substrates (e.g., luciferase or peptides) (49, 50), indicating that the stability of the complex with DnaK depends on the substrate protein or peptide (51). We note, however, that the dependence of the expansion of rhodanese on the availability of ATP is in agreement with a recent theoretical study suggesting that the effective affinity of DnaK under nonequilibrium conditions can greatly exceed the one observed for ADP-bound DnaK (52). Whether DnaJ remains bound during the DnaK-driven expansion or rebinds after DnaK release is currently unclear (but this aspect has no bearing on our conclusions). DnaK enters from the central channel (blue), and preformed DnaJ-rhodanese (Δ39) complexes and ATP enter from the side channels (magenta). Rapid mixing is achieved in the narrow mixing neck, and data are recorded with a confocal setup for 30 min at different positions in the observation channel (purple). FRET efficiency histograms were obtained at different times up to 50 s after mixing in the microfluidic mixing device (B, Upper) and up to 1 h after manual mixing (B, Lower). The starting concentrations were the same in both cases: 0.5 μM DnaJ, 10 μM DnaK, and 20 μM ATP. FRET efficiency histograms from manual mixing measurements were constructed by moving window analysis (19) using 5-min intervals starting every 100 s. To quantify the kinetics of DnaK-and DnaJ-rhodanese complex formation over time, the fractions of bursts with transfer efficiencies ranging from 0.0 to 0.3 (blue) and from 0.6 to 0.8 (magenta) determined for each histogram are represented (C). The data were fitted globally to double exponential functions with shared rate constants for expansion and release (black lines).
Closing the Cycle. The third component acting together with DnaJ and DnaK has not been considered so far: the nucleotide exchange factor GrpE (53). GrpE catalyzes the exchange of ADP with ATP in DnaK (54) and thus accelerates the nonequilibrium association/dissociation cycle of DnaK with the substrate protein (47, 55). As a result, the addition of GrpE to the rhodaneseDnaK complexes leads to a faster disappearance of the expanded rhodanese population (Fig. S5 C and D) , reflecting the accelerated ATP hydrolysis by DnaK in the presence of GrpE and confirming the functionality of the entire DnaK/DnaJ/GrpE chaperone system used in our single-molecule experiments. The degree of rhodanese expansion, however, is not reduced by GrpE, indicating that the more rapid ATP turnover does not alter the average number of DnaK molecules bound per rhodanese so long as sufficient ATP is still available (Fig. S5B) . As for the uncatalyzed dissociation of DnaK (Fig. 4B) , the transfer efficiency histograms of all rhodanese variants after DnaK release are reminiscent of those of the DnaJ-rhodanese complexes. Notably, even with the accelerated DnaK dissociation triggered by GrpE, refolding of rhodanese is thus not observed under our experimental conditions. Whereas substrate proteins such as luciferase have been shown to refold in the presence of the ternary chaperone system DnaJ/DnaK/GrpE under comparable conditions (49), our results suggest that for rhodanese the DnaJ-rhodanese complex is the thermodynamically most stable state. Indeed, earlier studies (13) suggested that additional chaperones, such as the chaperonin system GroEL/GroES, are required to refold denatured rhodanese. Our results therefore support the model that the DnaK/DnaJ/GrpE system passes substrate proteins on to downstream chaperones (11, 56) . We note, however, that with an excess of substrate present, the cellular DnaJ and DnaK concentrations may become limiting, resulting in a less pronounced expansion or even a bypassing of the DnaK/DnaJ/GrpE system (51). Another aspect that can modulate the cellular situation is that GrpE is reversibly denatured under heat-shock conditions (57), which will increase the residence time of the individual DnaK molecules on the substrate protein and thus keep the substrate protein expanded with reduced energy consumption until the conditions are again more favorable for refolding.
In summary, we find that the binding of DnaK to rhodaneseDnaJ complexes leads to a pronounced ATP-driven expansion of the denatured substrate protein. The resulting disruption of intramolecular contacts in the substrate protein may represent an efficient way of rescuing misfolded proteins from kinetic traps that would prevent folding or could lead to aggregation. DnaK-induced protein expansion also illustrates a generic mechanism underlying the action of this versatile chaperone system: Although ATP is required for the binding of DnaK to the DnaJ-rhodanese complex, the observed expansion itself is well accounted for by an entropic effect, caused by the steric exclusion of the large DnaK molecules bound to the polypeptide chain. This "entropic pulling" (58) has been suggested to also play a dominant role in the Hsp70-mediated translocation of denatured substrate proteins into mitochondria and in protein disaggregation (59). The resulting expanded, DnaK-bound proteins are not only expected to confer solubility in the crowded cellular environment, but they also provide an ideal starting point for presenting the substrate protein to the downstream chaperone machinery.
Methods
Cysteine variants of rhodanese were expressed, purified, and labeled with Alexa Fluor 488 and Alexa Fluor 594 as described previously (60). Chaperones DnaK, DnaJ, and GrpE were gifts from H.-J. Schönfeld (Hoffmann-La Roche Ltd., Basel). All experiments were carried out in buffer A [50 mM Tris·HCl (pH 7.5), 10 mM MgCl 2 , 5 mM KCl, 200 mM β-mercaptoethanol, and 0.001% (vol/vol) Tween 20 (Pierce)]. Rhodanese-chaperone complexes were formed by denaturing rhodanese in 4 M GdmCl and diluting it 100× into buffer A containing chaperones and nucleotides as indicated. Single-molecule FRET measurements were performed at 22°C using pulsed interleaved excitation (61) on either an adapted MicroTime 200 confocal microscope (PicoQuant) or a custom-built confocal microscope. Dual-focus fluorescence correlation spectroscopy measurements were performed at 22°C on a MicroTime 200 confocal microscope equipped with a differential interference contrast prism as described previously (29) . For rapid mixing experiments, microfluidic mixers were fabricated and used as described previously (23) . Molecular dynamics simulations of DnaKrhodanese complexes were performed with CafeMol 2.0 (43) based on a Cα representation of the rhodanese chain and a structure-based model of DnaK bound to the binding sites predicted by LIMBO (44). Independent simulations of all 127 possible stoichiometry and permutations of occupied binding sites were carried out and average distance distributions and Stokes radii recovered from simulations with identical stoichiometry. For further details on experiments, instrumentation, data analysis, and simulations see Supporting Information.
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To form rhodanese-chaperone complexes, rhodanese was denatured in 4 M guanidinium chloride (GdmCl) in buffer A (50 mM Tris·HCl, 10 mM MgCl 2 , 5 mM KCl, 200 mM β-mercaptoethanol, and 0.001% Tween 20) and refolded by 100× dilution into buffer A in the absence of GdmCl and in the presence of DnaK, DnaJ, GrpE, and nucleotides at the indicated concentrations directly before the measurements. The final rhodanese concentration was between 25 and 75 pM. Native rhodanese was measured in buffer A; denatured rhodanese under native conditions was measured in the microfluidic mixing device described below.
Single-Molecule Fluorescence Spectroscopy. Single-molecule FRET (smFRET) measurements were performed at 22°C using either a MicroTime 200 confocal microscope (PicoQuant) or a custombuilt confocal microscope. Both instruments use pulsed interleaved excitation (4) . Pulses for acceptor excitation were generated by a SC450-PP super continuum fiber laser (Fianium) operating at a 20-MHz repetition rate. The wavelength was selected with a z582/15 band-pass filter (Chroma Technology), and the power, measured at the back aperture of the microscope objective, was set to 35 μW; 483-nm donor excitation pulses (100 μW at the back aperture) were obtained from an LDH-D-C-485 diode laser (PicoQuant). The driving electronics of the diode laser (Sepia II; PicoQuant) were triggered by infrared light of the Fianium laser detected on a fast photodiode (DET10a/M; Thorlabs). The lasers were focused into the sample solutions with a UPlanApo 60x/1.20W objective (Olympus). The fluorescence signal passed a chromatic beam splitter (R405/488/594 or z488/568; Chroma Technology) and a 100-μm pinhole before further distribution according to polarization (polarizing beam splitter cube) and wavelength (dichroic mirrors 595 DCXR or 585 DCXR; Chroma Technology) onto four detection channels equipped with avalanche photodiodes. Before detection, the emission was finally filtered by ET525/50M or HQ650/100 band-pass filters (Chroma Technology) for donor and acceptor fluorescence, respectively. Time-correlated single-photon counting electronics (HydraHarp 400; PicoQuant) recorded each photon detection pulse with 16-ps time resolution.
The brightness of the rhodanese-chaperone complexes was determined by measuring the fluorescence emission of ∼2 nM singly labeled rhodanese K174C-Alexa 488 alone or in complex with DnaJ (0.5 μM DnaJ) or DnaK (10 μM DnaK, 0.5 μM DnaJ, and 1 mM ATP) on the confocal microscope. The fluorophore was excited at 485 nm with 100 μW at 40 MHz with the diode laser, and only one detector was used.
Data Reduction. Only photons detected after donor excitation pulses were used for construction of FRET efficiency histograms, whereas photons after acceptor excitation pulses were used to probe whether a molecule carried an active acceptor fluorophore. Successive photons with interphoton times of less than 150 μs detected in any channel following donor excitation pulses were combined into one photon burst. Only bursts containing more than 35 photons after correction for background, differences in quantum yields of the fluorophores, different collection efficiencies of the detection channels, cross-talk, and direct excitation of the acceptor (5) were used for further analysis. Bursts with a significant likelihood for acceptor photobleaching were excluded from further analysis as described previously (6) . Transfer efficiencies were calculated for each burst from E = n A /(n D + n A ), where n D and n A are the corrected donor and acceptor counts detected after donor excitation, respectively (5). Bursts were further analyzed for the stoichiometry ratio (7), S = n Dexc /(n Dexc + n Aexc ), where n Dexc is the total number of counts after the donor excitation and n Aexc is the total number of counts after acceptor excitation. Molecules lacking an active acceptor dye yield a stoichiometry ratio close to 1 and were excluded from FRET efficiency histograms. Histograms were constructed with a bin width of 0.03.
To quantify the kinetics of conformational changes on the timescale of minutes and longer, moving window analysis was used (8) . We constructed series of FRET efficiency histograms from long single-molecule measurements (0.5-2 h) by splitting them into overlapping intervals of 5-min duration starting every 100 s. FRET efficiency histograms obtained from the bursts of each interval were constructed and represented as lines in timeresolved FRET efficiency histograms (FRET kinetics) in which the color indicates the time, increasing from blue to green. Donor fluorescence anisotropies were determined from photons arriving at the donor detectors after 485-nm excitation and acceptor anisotropies from photons arriving at the acceptor detectors after 590-nm acceptor direct excitation. The G-factor of the instrument (a correction for different detection efficiencies for parallel and perpendicular polarized light) was calibrated to be 1.245 by comparison of ensemble fluorescence anisotropy measurements with measurements at the confocal smFRET setup of free dye in water and 50% glycerol. To account for the optical path and the high-numerical-aperture objective in the confocal setup, additional correction factors were determined according to Koshioka et al. (9) . We found the correction factors to be L 1 = 0.098
where I k and I ⊥ denote the fluorescence intensity for parallel and perpendicular polarized light with respect to the polarization of the excitation light, respectively (Table S2) .
Microfluidic Mixing. For probing kinetics on timescales shorter than minutes, we used the microfluidic mixing device described in detail by Wunderlich et al. (10) . To observe the association of DnaK with DnaJ-rhodanese complexes, DnaJ-rhodanese Δ39 complexes were preformed as described above with a final concentration of 0.55 μM DnaJ and with 22 μM ATP. This solution was supplied to the side channels of the microfluidic device and mixed with 100 μM DnaK (50 mM Tris·HCl, pH 7.7, and 100 mM NaCl) present in the central channel. The mixer was operated at a flow velocity of 1 mm/s (fully developed flow in the observation channel) and at a mixing ratio of 1:9 to obtain final concentrations in the observation channel of 10 μM DnaK, 20 μM ATP, and 0.5 μM DnaJ. These conditions were obtained by applying 15.1 kPa (2.19 psi) and 16.1 kPa (2.33 psi) at the main and side inlet channels, respectively. The concentration of Tween 20 in buffer A was increased to 0.01% to prevent nonspecific interactions of the chaperone-substrate complexes with the polydimethylsiloxane surfaces of the microfluidic mixing channels. The confocal volume was focused into the observation channel at different positions downstream from the mixing region, corresponding to different times after mixing. Fluorescence bursts were detected at each position for 30 min. Positions were converted to times after mixing as described by Wunderlich et al. (11) . Histograms were obtained for 1, 5, 7.5, 10, 20, 30, 40, and 50 s after mixing. Transfer efficiency histograms of denatured rhodanese under native conditions (buffer A with 0.4 M GdmCl) were obtained by mixing denatured rhodanese in 4 M GdmCl (central channel) with buffer A (side channels) at an average flow rate of 0.8 mm/s in the observation channel and placing the confocal volume at a position 100 μm (125 ms) downstream of the mixing region. The applied pressures were 10.4 kPa (1.5 psi) in the side channels and 6.8 kPa (1 psi) in the central channel.
For combining manual and microfluidic mixing smFRET experiments (Fig. 3 ) the transfer efficiency histograms were normalized by the total number of bursts. Fractions of bursts with transfer efficiencies from 0.0 to 0.3 and 0.6 to 0.8 were used for monitoring the progress of the DnaK complex and DnaJ complex interconversion. The two curves were fitted globally to double exponential decays with common rate constants, yielding k 1 = 0.028 s −1 and k 2 = 0.002 s
Dual-Focus Fluorescence Correlation Spectroscopy. Dual-focus fluorescence correlation spectroscopy (2f-FCS) measurements were performed at 22°C on a MicroTime 200 confocal microscope equipped with a Nomarski prism (12) . Two orthogonally polarized diode lasers at 483 nm (LDH-D-C-485; PicoQuant) with repetition rates of 20 MHz and laser powers of 30 μW (at the back aperture of the microscope objective) each were used to excite the sample alternatingly. The emission light passed through a 150-μm pinhole and was focused onto the detectors (tau-SPAD50; PicoQuant). The distance between the two foci was measured to be 440 ± 10 nm as described previously (13) . All 2f-FCS experiments were performed with rhodanese K174C Alexa 488 at a final concentration of 0.5 nM.
The auto-and cross-correlation functions of both foci were analyzed globally as described by Dertinger et al. (12) , and the resulting translational diffusion coefficients, D, were converted into Stokes radii (R S ) using the Stokes-Einstein equation (14), where k B is the Boltzmann constant, T the temperature, and η the solvent viscosity:
Bimolecular Association Rate of DnaJ and Denatured Rhodanese. Assuming that unfolded rhodanese will partition to its native conformation or bind to DnaJ as shown in Fig. S1A , we estimated the bimolecular association rate coefficient, k on,DnaJ , for the DnaJrhodanese complex from the fraction of native rhodanese, f N , after dilution of unfolded protein in the presence of DnaJ according to
The folding rate constants, k fold , of the variants were determined from independent kinetic measurements where unfolded rhodanese was diluted into native buffer in the absence of chaperones (Fig. S1C) . A single-exponential rise was fitted to the change of the number of bursts within the transfer efficiency range corresponding to the native subpopulations ( Fig. S1F and Table S1 ). f N was estimated from smFRET measurements of rhodanese after dilution into native buffer in the absence (Fig. S1D ) and presence ( Fig. S1E ) of 0.5 μM DnaJ. The data in Fig. S1D were fitted with a Gaussian. Subsequently, the data in Fig. S1E were fitted with Gaussians with identical positions and widths. The values of f N were estimated from a comparison of the amplitudes of the fitted Gaussians (Table S1 ).
Estimation of the Stoichiometry of DnaJ-Rhodanese Complexes. The R S of rhodanese and DnaJ-rhodanese complexes formed at 0.5 μM DnaJ were determined from five independent 2f-FCS measurements. Assuming a spherical shape, the molecular weight (MW) of a complex was estimated (Eq. S4) from R S , where we used the average molar mass of amino acids m aa = 111 g/mol (weighted for their abundance in proteins) (15) and the average Stokes volume of an amino acid υ aa = 0.27 nm 3 (Table S3 ) (13, 16) :
υ aa was determined as follows. For a compact chain with a spherical shape, the radius of gyration, R G , and the R S are related by
R G and R S scale with the number of amino acid residues N according to
[S6]
and
Dima and Thirumalai (16) determined a = 0.3 nm from ∼400 PDB structures of monomeric globular proteins, thus b = 0.4 nm. This value is in good agreement with b = 0.47 nm obtained by Wilkins et al. (17) . Finally, υ aa is given by
Molecular Dynamics Simulations of Rhodanese Bound to Different
Numbers of DnaK Molecules. Protein structures were simplified using one bead per amino acid corresponding to the position of the Cα atom. Unfolded rhodanese was modeled using a flexible local potential (AICG2 in CafeMol) dependent on the amino acid sequence that was shown to reasonably reproduce the conformational distribution of unfolded states or intrinsically disordered proteins (18) . An additional potential term, accounting for intrachain hydrophobic interactions, was added to better reproduce the compact unfolded state of rhodanese under native conditions. This multibody potential term (HP in CafeMol) depends on the surface exposure of each amino acid (19) and its weight was tuned to obtain a radius of gyration for unfolded rhodanese close to what was determined by smFRET experiments. DnaK was modeled with a structure-based model (20) using the NMR structure of Escherichia coli DnaK complexed with ADP and substrate (PDB ID code 2KHO) as a reference conformation. Nonbonded native interactions involving residues in the flexible interdomain linker were switched off and the AICG2 potential was used to model this region. Using this setup, it was possible to limit the conformational flexibility of the individual domains while allowing significant fluctuations of the interdomain arrangement in agreement with NMR residual dipolar coupling analysis (21) .
To model DnaK-rhodanese complexes, the substrate peptide present in the NMR structure of ADP-bound DnaK was replaced by the corresponding part of an extended rhodanese chain. Artificial harmonic restraints were imposed on the interresidue distances between the rhodanese chain and DnaK binding residues to preserve the binding arrangement. Apart from these restraints, the interactions between rhodanese and DnaK molecules were limited to excluded volume effects.
Seven potential DnaK binding sites were identified in the rhodanese sequence according to the predictor proposed by Van Durme et al. (22) . [Another algorithm by Rüdiger et al. (23) yielded similar binding sites; Fig. S4 .] This resulted in seven possible stoichiometries (rhodanese:DnaK N with n = 1-7) and a total of (2 7 − 1) = 127 possible distinct molecular complexes. Each individual complex was simulated using Langevin dynamics with a temperature T = 300 K for ∼108 time steps with an integration step size of 0.1 t, where t corresponds to CafeMol time units (t ∼200 fs) (24) . Only the configurations corresponding to the second half of each trajectory were used to calculate the distance distributions reported in Fig. 2 .
R G and end-to-end distance distributions for the simulated rhodanese-DnaK N complexes were calculated from the simulation results and are represented in Table S4 . Distance distributions for polypeptide chain segments on the rhodanese chain corresponding to the label positions of the rhodanese variants used in smFRET experiments were extracted and converted to transfer efficiencies with hEi simulation = X PðrÞ EðrÞdr:
Stokes radii were estimated from simulation snapshots with HydroPro (25) calculations based on a bead model where each residue corresponded to an element with a R S equal to 6.1 Å. The harmonic average of the results corresponding to each stoichiometry was then used for estimating the mean R S reported in Table S4 .
Mean Transfer Efficiency, Mean Interdye Distance, End-To-End Distances, and Radii of Gyration of DnaK-Rhodanese Complexes from smFRET Histograms. Analyzing the FRET efficiency histograms of rhodanese-DnaK complexes in terms of quantitative distance distributions is complicated by the static and dynamic heterogeneity of the system. The broadening beyond shot noise indicates interconversion between different conformations or rhodanese/DnaK stoichiometries on the millisecond timescale and/or above, but faster reconfiguration dynamics are likely to be present also. Note, however, that the average transfer efficiencies of the subpopulations corresponding to the rhodanese-DnaK complexes are independent of these dynamics as long as they interconvert slowly on the fluorescence lifetime of the dyes (26) , which is a reasonable assumption because this applies even to unfolded and intrinsically disordered proteins in the absence of bound chaperones (27, 28) . Given the only moderately high anisotropies of the fluorophores (Table S2) , a pronounced effect of the orientational distribution on the transfer efficiencies is unlikely (29) .
We therefore use the following procedure. The mean transfer efficiencies of the DnaK-rhodanese complexes were determined from the histograms of rhodanese in the presence of 10 μM DnaK, 0.5 μM DnaJ, and 1 mM ATP (Fig. 1E) . To account for the residual population of rhodanese molecules that are not bound by DnaK but are either folded or bound to DnaJ, the histograms were fitted to the sum of a log-normal function, P(E), and an interpolation function obtained from the histograms in the presence of DnaJ (Fig. 1D) . The mean transfer efficiencies, 〈E〉, of the DnaK-rhodanese complexes were then calculated from hEi = 
PðEÞ dE
[S10]
and converted to root mean square interdye distances, 〈r 2 〉 1/2 , by numerically solving Eq. S11:
PðrÞ EðrÞ dr 0 Z PðrÞ dr:
We assume normal distributions for P(r) (Eq. S12) because they provide a good approximation of the distance distributions observed in the simulations of the rhodanese-DnaK complexes ( Fig. 2B ):
The lowest overall mean square deviation between the average transfer efficiencies of all rhodanese variants obtained from the smFRET experiments and the simulations is observed for six DnaK molecules bound (N DnaK = 6) (Fig. 2C) . The values of σ in Eq. S12 were thus taken from the fits of normal distributions to the interdye distance distributions obtained from the molecular dynamics (MD) simulations of six DnaK (N DnaK ) molecules bound to rhodanese. The distance dependence of the transfer efficiency is given by the Förster equation (Eq. S13) with the Förster radius R 0 = 5.4 nm for Alexa 488 and Alexa 594 (30) :
To estimate, from the intramolecular distance distributions of the different rhodanese variants determined in this way, the average end-to-end distance of rhodanese in complex with DnaK, we use the scaling of the average intramolecular distance with the sequence separation of the labeling positions obtained from the simulations. First, the average interdye distance, 〈r〉, as a function of the amino acid sequence separation between the label positions, Δaa, from the MD simulations of the different numbers of DnaK molecules bound to rhodanese was fit to
[S14]
For N DnaK = 6, a scaling exponent of x = 0.71 was obtained. Eq. S14 with x = 0.71 was then used to fit the interdye distances from the experimental data as function of the sequence separation and extrapolated to the average end-to-end distance, 〈r ee 〉, of rhodanese in complex with DnaK, yielding 〈r ee 〉 = 17.3 ± 0.3 nm. The uncertainty of the extrapolation was estimated by varying x in the range obtained for N DnaK = 5 to N DnaK = 7. Finally, we used the average ratio R G /〈r ee 〉 calculated from the simulations for N DnaK = 5 to N DnaK = 7, 2.4 ± 0.1, to convert the experimental value of 〈r ee 〉 to R G = 7.2 ± 0.3 nm (Table S4) .
Dissociation of the DnaK-Rhodanese Complex at Single-Turnover ATP Concentrations. To determine the dissociation rate constant of DnaK and rhodanese, DnaK-rhodanese complexes were formed at 0.5 μM DnaJ, 10 μM DnaK, and 10 μM ATP (i.e., equimolar concentrations of DnaK and ATP). The subsequent dissociation of the complex was observed by smFRET measurements for 30 min (Fig. 4B) . The total numbers of bursts observed per time interval were determined for all variants (Fig. 4C) , and the resulting decays in burst numbers were fitted with a single-exponential function. The mean of the five rate constants obtained (Table S1 ) is k diss, DnaK = (2.5 ± 0.4) 10 −3 s −1 . The kinetics of the change in R S determined from 2f-FCS measurements (Fig. 4A ) yielded k diss, DnaK = (1.7 ± 0.4) 10 −3 s −1 . Determination of the association rate constant, k on, DnaJ , for the DnaJ-rhodanese complex from FRET kinetics experiments (Fig. S1 ) and for the dissociation rate constant, k diss, DnaK , of DnaK and rhodanese at 10 μM DnaK, 0.5 μM DnaJ, and 10 μM ATP from FRET kinetics (Fig. 4) . k fold is the folding rate constant of rhodanese and f N the fraction of native rhodanese molecules (Fig. S1 ). 
